The purpose of these experiments was to examine the role of responding when they saw an object approaching their face. 
Introduction
One of the distinct functions of the cerebellum is its cerebellar and brainstem circuits participating in this form of learning (for reviews, see Thompson and Krupa, 1994 ; participation in circuits subserving the classical conditioning of withdrawal reflexes. The cerebellum is considered to be an Bloedel and Bracha, 1995; Bracha and Bloedel, 1996; Harvey and Welsh, 1996; Steinmetz, 1996) . indispensable part of the flexible, anticipatory and automatic defensive system which protects the surface of the body in
Recently, several laboratories have demonstrated that patients with cerebellar pathologies are deficient in their advance of approaching harmful influences. This notion is derived mostly from data obtained from the model of the capacity to acquire new classically conditioned eyeblinks (Solomon et al., 1989; Daum et al., 1993; Topka et al. , classical conditioning of the nictitating membrane response in the rabbit. Rabbits with lesions in the intermediate 1993). Using brain imaging techniques, other investigators reported that the human cerebellum is activated during the cerebellum can neither acquire nor retain classically conditioned eyeblinks. Although the exact mechanisms acquisition of these classically conditioned responses (CRs) (Molchan et al., 1994; Logan and Grafton, 1995 ; Blaxton underlying eyeblink or other withdrawal reflex conditioning are unknown, animal research over the last 15 years has et al., 1996) . These findings indicate that the cerebellar involvement in human classical conditioning could be similar accumulated a remarkably detailed base of knowledge on the Table 1 Summary of subjects and paradigms included in to that described in animal models. It is generally accepted this study that the normal function of the cerebellum is required for the acquisition of new classically conditioned eyeblink responses. previous reports which showed that rabbits with either conditioning cerebellar lesions additional sessions permanent (e.g. McCormick et al., 1982; Yeo et al., 1985) (n ϭ 4) for 3 patients or temporary (e.g. Welsh and Harvey, 1991; Bracha et al., Matched controls 1 1994) lesions in the intermediate cerebellum are not able to (n ϭ 4) express CRs acquired prior to the cerebellar manipulation.
Extinction of the Normal subjects 1
The verification of this hypothesis in human experiments is VTER (n ϭ 16) not a trivial issue. In animal studies, the primary method used to examine the role of a particular structure in the Blocking Normal subjects 1 retention of a learned behaviour involves training the animal, (n ϭ 6) lesioning the structure and, finally, testing whether the lesioned animal is able to express the behaviour acquired examined in the first group of experiments reported below. before the lesion. This approach cannot be implemented in
In these studies, we developed a new paradigm to quantify human subjects for obvious reasons. Taking this the VTER, and we tested whether the VTER exhibits the methodological difficulty into account, is it possible to test basic features of classical CRs. In the first test for CR-like the role of the human cerebellum in the retention of classical features of the VTER, we examined whether VTERs could CRs experimentally? Theoretically, the answer is 'yes', be extinguished in normal subjects. In this experiment, assuming one could identify CRs which are acquired naturally subjects were presented with an approaching object, but the in early childhood. If one could find such responses, subjects object was not allowed to contact their skin. The expected with cerebellar pathologies could be tested both for their result in this test was that, if the VTER is a CR, presenting ability to acquire new CRs and to exhibit CRs acquired the visual conditioned stimulus (CS) alone without reinforcing before the cerebellar pathology developed.
it by the cutaneous unconditioned stimulus (US) should lead The experiments reported in this study are based on the to the extinction of the VTER. In the second test, we foregoing reasoning. To be able to address the role of the examined whether the VTER would exhibit another wellhuman cerebellum in the retention of CRs we first identified known feature of classical conditioning: the blocking effect the most plausible candidate for the naturally acquired (Kamin, 1969) . To test for the presence of the blocking conditioned eyeblink response in normal subjects. We then effect, a new tone CS was presented simultaneously with the identified patients with cerebellar pathologies who could not visual CS. Both conditioned stimuli were followed by the acquire new classically conditioned eyeblinks. Finally, these cutaneous US. It was expected that if the visual information patients with cerebellar lesions were tested for the retention of the threatening object is a CS triggering the conditioned of CRs acquired prior to their cerebellar pathology.
VTER, then the presentation of this visual stimulus As the most probable candidate for naturally acquired simultaneously with the new tone CS should prevent or block conditioned eyeblinks we selected responses triggered by the acquisition of conditioned eyeblinks to the tone. The objects approaching the subject's face. This type of results of these experiments supported our assumption that anticipatory eyeblink, which is called either the menace or the VTER is a naturally acquired CR. Consequently, in the the visual threat eyeblink response (VTER) in the neurological next group of studies, we identified patients with cerebellar literature, is traditionally considered to be a learned response lesions who were not able to acquire new classically (Liu and Ronthal, 1992) . The reasons for qualifying the conditioned eyeblinks and tested these patients for the VTER as a learned response are the differences between this presence of the VTER which they had acquired before their reflex and other common types of inborn unconditioned cerebellar pathology had developed. eyeblinks. During ontogeny, the VTER develops later than other unconditioned eyeblink reflexes (MacKeith, 1969) . Furthermore, in contrast to unconditioned eyeblinks, which Methods are controlled by subcortical circuits, the VTER is critically dependent on the function of the primary visual cortex,
Subjects
A total of 30 subjects participated in the present study (see parietal cortex and frontal eye-fields (Liu and Ronthal, 1992) .
The learned (versus unlearned) nature of the VTER was Table 1 ).
Four patients (44-58 years old, mean age 51 years) with varying degrees of unilateral cerebellar pathology participated in this study. These subjects with cerebellar pathologies were recruited among former patients treated at Barrow Neurological Institute.
Case 1
Male, 58 years old. This subject had a tumour (40 ϫ 30 mm) in the left cerebellar cortex. The tumour at the undersurface of the tentorium was surgically excised in 1988. His MRI scans as well as neurological examinations indicate no, or only a mild, pathology of the nuclei on the left side of the cerebellum. At the time of testing (1996) , he displayed mild ataxia and target oscillations with his left upper extremity. In addition, he has a slight gait ataxia.
Case 2
Male, 44 years old. This patient had a 30 ϫ 70 mm dysplastic gangliocytoma surgically removed from his right cerebellar hemisphere in 1991. Before the surgery, he had an upper extremity ataxia and a slightly ataxic gait. Following the surgery, he completely recovered and, at present, does not display any signs of cerebellar deficits. He currently works as a machinist.
lettering. The subjects in Figs 1 and 2 were drawn by him. These drawings indicate that a high level of visuo-motor co-
Case 3
ordination and motor skills are preserved in the arm ipsilateral Male, 49 years old. This individual had an arterio-venous to the cerebellar pathology. malformation in the right cerebellar hemisphere. The
None of the patients with cerebellar lesions had any clinical malformation was resected in 1992. His CT scans indicate a evidence of auditory deficits. Their voluntary eyeblink control large lesion in the right cerebellum involving the cerebellar and trigeminal blinking were within normal limits. hemispheric cortex, parts of the vermis and the cerebellar The patients were tested in the classical conditioning nuclei. Presently, he displays dysarthria, a strong cerebellar paradigm and in the VTER paradigm. Their eyeblink ataxia of the right arm and leg, and a significant intention performance was compared with that of a group of control tremor which interferes with any writing or fine movements. subjects. The control group consisted of four age-and sexHe has impaired balance and uses a cane to ambulate. After matched healthy subjects who were 43-58 years old (mean surgery, he had a slight diplopia related to the residual palsy age 51 years). Sixteen additional normal subjects (20-42 of the right superior oblique muscle. This deficit, however, years old, mean age 28 years) participated in experiments completely recovered. In addition, he has a slight ptosis (1 examining the extinction of the VTER. Six normal subjects mm) on the right side.
(20-36 years old, mean age 27 years) were involved in the blocking study. None of the normal subjects had a history of neurological
Case 4
disorders, and none of the participants had any evidence of Male, 53 years old. In 1995, he had a lesion resected from auditory deficits. Participating subjects were naive to the his right cerebellar cortex. Recent MRI scans indicate a 11-implications of the results in all of the paradigms. They were mm lesion in the dorso-lateral aspect of the right cerebellar not aware that CRs were examined, and they did not receive hemisphere with no involvement of the lateral cerebellar any feedback on their performance during the experiment. nucleus. Presently, he has a slight cerebellar ataxia and All subjects were informed of the procedures which had been intention tremor in his right arm. He has developed a set of approved by the Committee for Human Studies at St Joseph's compensatory strategies which allow him to continue his Hospital and Medical Center. Before each experiment, all hobby of artistic drawing. This patient is right-handed and subjects gave informed consent in accord with the declaration he draws using his dominant and slightly ataxic arm. He experiences difficulties when drawing straight lines and of Helsinki.
of the ball moving toward the subject's head will be called the visual CS, and the impact of the ball will be referred to as the US. The duration of the CS was 450 ms, the interstimulus interval was also 450 ms, and the duration of the US was~25 ms. The duration of the US was estimated based on tests in which the ball hit a small microphone placed at the point of ball impact. During the swing, the motion of the ball accelerated from zero to a maximum velocity of~1.3 m/s at the moment of impact. The estimated kinetic energy of the ball at the moment of contact with the forehead was 0.04 J. Because the duration of the CS was proportional to the distance of the subject's forehead from the ball at the starting position and because this distance could vary due to slight shifts of the placement of the subject's head on the chin rest, the exact timing of the ball's impact was recorded using a miniature microphone attached to the subject's forehead. The experiment was controlled by a personal computer using custom-made software and actuators.
Subjects were presented with 100 trials. The inter-trial interval varied pseudorandomly between 15 and 25 s. At the beginning of the experiment, subjects were informed that we would examine their reflexes. They were asked to relax and hurt because the ball is light and padded with foam. Subjects were also instructed to avoid any volitional efforts, to relax and let their natural responses take over, and to report any
Procedures: the VTER paradigm
To our knowledge, eyeblinks to a visual threat in humans or discomfort or fatigue. All subjects were aware that they were free to interrupt or abort the experiment at any time. Patients in animals were never studied quantitatively. To be able to measure the response objectively and in a repeatable fashion, with cerebellar lesions (n ϭ 4) and control subjects (n ϭ 4) were each tested in a single session. we developed a new paradigm. The intent was to model a life-like situation of an object approaching a person's face in the laboratory. The second objective of the design was to develop a set of controls which, with minimal modifications,
Procedures: the extinction of the VTER
In the extinction paradigm, we tested whether the frequency would also be suitable for the extinction, blocking and classical conditioning studies.
of visually triggered eyeblinks would change as a consequence of the repeated exposure to an approaching ball During the experiment, subjects were seated comfortably at a desk with their head supported by a chin rest. A rubber which did not contact the skin. For this purpose, we used the same paradigm as described in the previous section, with ball (diameter 56 mm, mass 57 g) was suspended in a pendulum-like fashion on a string in front of the subject the exception that the motion of the ball was stopped abruptly just before the ball reached the subject's forehead. This was ( Fig. 1) . At the beginning of each trial, the pendulum was set in motion by the opening of an electronic lock retaining achieved with a thin restraining string attached to the ball. The other end of the string was firmly anchored on the far the pendulum arm. Once released, the ball, propelled by gravity, swung and hit the forehead of the subject. The side of the pendulum, away from the patient. The length of the string was chosen so that it was fully extended (i.e. it apparatus was adjusted for each subject so that the ball contacted the forehead at the midline,~25 mm above the did not allow the ball to swing further) when the ball was 50 mm from the subject's forehead. glabella. The surface of the ball coming in contact with the forehead was lined with a soft plastic foam to soften the Each extinction experiment consisted of 10 presentations of the visual threat with ball impact (see the above section impact. The physical parameters of the pendulum arm were adjusted to yield a 450 ms time interval between the release on the VTER) and 100 trials in which only the CS was presented while the US was omitted. The purpose of the first of the ball and ball impact. Before each trial, the ball was moved from its equilibrium point (just in front of the subject's 10 'CS ϩ US' trials was to verify that the subject exhibited normal eyeblinks to the visual threat. forehead) to a distance of~0.39 m from the subject's forehead. For the purposes of this manuscript, the visual stimulation
The instructions given to the subjects were identical to the instructions given in the foregoing VTER paradigm. Each of the patients with cerebellar lesions were trained in three additional sessions (for a total of four sessions) to examine normal subject (n ϭ 16) was tested in one experimental session.
if extended training would improve their performance.
Data acquisition and analysis Procedures: blocking the acquisition of CRs to
EMG responses were recorded bilaterally from pairs of an auditory CS by a visual CS surface electrodes (disposable, self-adhesive, silver/silver To examine whether the visual CS in the VTER paradigm chloride) attached to the orbicularis oculi muscles just below would block the acquisition of CRs to a new auditory CS in the external ocular canthus. The signals were band-pass normal subjects, a protocol based on the above VTER filtered (100 Hz-3 kHz), amplified, rectified and integrated paradigm was designed. In addition to the visual CS, the with a 50-ms time constant. The processed signal from both subjects were presented with an auditory CS (1 kHz, 80-dB eyes and the signal from the miniature microphone (used for sound pressure level). The tone CS was delivered through a the synchronization of the US onset) were digitized, displayed loudspeaker placed 1 m in front of the subject. The auditory on the monitor of the data acquisition system and stored on CS was presented simultaneously with the visual CS and it the computer hard drive for off-line analysis. To optimize was terminated at the time of the ball-impact US. Thus, the the sensitivity of the recording system, the amplifier gain duration of the auditory CS was 450 ms. Each experiment was adjusted for each subject so that the amplitude of the consisted of 20 VTER trials (no auditory CS delivered), 100 signal generated by a full eyeblink covered the whole range 'VTER plus auditory CS' trials and finally, 16 trials in which of the 12-bit analogue to digital converter. The signal was only the auditory CS was presented while the ball remained sampled at 1 kHz for 1400 ms and stored during each trial stationary at the starting position. The first group of 20 trials with data collection beginning 250 ms before the onset of served as a test for the presence of normal visual threat the CS. eyeblinks. The following 100 trials represented acquisition During data analysis, responses in each trial were inspected trials for the new auditory CS, and the final 16 trials tested for the presence of a CR. For that purpose, basic statistics whether the subject acquired CRs to the auditory CS.
of the baseline EMG signal (250 ms before the onset of the Each normal subject (n ϭ 6) was tested in one training CS) were calculated for each trial. CRs were classified as session. The instructions given to the subjects were identical changes of the EMG signal exceeding 3 SD of the baseline to the instructions described in the VTER paradigm.
mean. The time window for the detection of the CR was from 130 ms after the onset of the CS to the onset of the US. The response latency (measured from the onset of the CS), the response peak time and the response amplitude were
Procedures: the classical conditioning paradigm
The purpose of this experiment was to examine the ability measured in both eyes in each trial. The responses occurring Ͻ130 ms after onset of the CS were classified as α responses to acquire classically conditioned eyeblinks to a tone CS and the ball-impact US in patients with cerebellar lesions and to the CS. Trials at which a spontaneous eyeblink was detected during the baseline period prior to the CS onset matched control subjects. The experimental arrangement was identical to the above VTER and blocking paradigms with were not included in the data analysis. The percentage of CRs out of the total number of valid trials per block was one critical exception; subjects were prevented from seeing the ball. The view of the ball was obscured by attaching a calculated for consecutive blocks of 10 trials. The CR incidence plots were constructed for each individual, eye and small plastic visor to the subject's head (Fig. 2) . This allowed the subject to see only objects positioned below the trajectory experiment. The CR incidence data were pooled within each experimental group and group CR incidence plots were of the ball. Because the subjects could not fixate on the ball anymore, they were instructed to direct their gaze straight constructed. The grouped data were statistically analysed using the ahead. In our experience, this instruction is critical for eyeblink studies because the normal tendency of subjects is CSS Statistica (StatSoft, Tulsa, USA) software package. The data from the classical conditioning experiments were to direct their gaze downward which leads to the lowering of the upper eyelid and, consequently, to an unpredictable analysed using two-way ANOVA (analysis of variance) implementing factors of the experimental group and the eye. reduction in the extent of the eyelid reflexive movement and possible changes in the amplitude of recorded EMG signals.
The results of multiple classical conditioning sessions in the three patients with cerebellar lesions were analysed using Each experiment consisted of 100 paired presentations: an auditory CS paired with the cutaneous ball-impact US. The ANOVA for repeated measures. The same type of data analysis was performed for the results of the extinction and duration of the CS was 450 ms, and it was terminated at the time of the ball impact on the forehead. The inter-trial interval blocking experiments. The comparison of the visual threat data and the classical conditioning data was performed using varied between 15 and 25 s.
Patients with cerebellar lesions (n ϭ 4) and control subjects two-way ANOVA with a between (experimental groups)/ within (type of the experiment) design. The analysis of (n ϭ 4) were each trained in one experimental session. Three Fig. 4 A printout of eyeblinks (orbicularis oculi EMG records) Fig. 3 Records of the orbicularis oculi muscle activity in a patient recorded in the classical conditioning session of a normal subject with a cerebellar lesion during classical conditioning of the (see Fig. 3 for details). Note the high incidence of CRs which are eyeblink. The displayed EMG signal has been rectified and expressed as upward deflections of the signal in the CR time integrated. The positive deflections on traces correspond to window, between the CS and US markers. In most trials, the CR increased muscle activity during the eyeblink. This is a complete is continuous with the unconditioned response, which is seen as printout of the first conditioning session. Each line of the stack an additional response peak occurring just after the US onset. The plot represents one trial. The first trial is on the top and the last CR frequency is appreciably higher than during the same type of trial at the bottom of the plot. The onset of the tone CS and the experiment in patients with cerebellar lesions (compare with are expected to occur. Note that all eyeblinks are bilateral and that the subject made several CRs (responses occurring just before (left eye, n ϭ 4) and 74.5 Ϯ 7.5% (right eye, n ϭ 4) (P Ͻ the onset of the US). Also note that the incidence of CRs is 0.05) observed during the first conditioning session in agesimilar to the incidence of spontaneous eyeblinks (responses in and sex-matched control subjects (Fig. 5, cf. Figs 3 and 4) . the baseline part of the plot before the CS was presented). The Interestingly, the CR acquisition deficit was bilateral (Figs 3 predominant type of response was a short-latency blink to the US. and 5), even though all patients had only one side of These responses were followed by additional large eyeblinks with a variable delay. the cerebellum affected. The incidence of CRs in the eye contralateral to the affected side was indistinguishable from the CR frequency in the ipsilateral eye (5.9 Ϯ 2.5% and 5.3 variance was followed by the Newman-Keuls post-hoc Ϯ 2.5% respectively, P Ͼ 0.05) and these CR frequencies analysis. All additional comparisons were performed using were lower than in either eye of the control subjects (P Ͻ the Student's t test. The null hypothesis rejection level for 0.05). Three patients with cerebellar lesions were conditioned all tests was P Ͻ 0.05. in three additional conditioning sessions. Although these subjects demonstrated a slight (but statistically not significant) tendency toward an increased CR incidence, their
Results
performance on the last day of the extended training was far
Classical conditioning in patients with
below the level of conditioning demonstrated by normal subjects on the first day of training (P Ͻ 0.05, Fig. 5B ).
cerebellar lesions
Patients with cerebellar lesions were deficient in their capacity These data demonstrate that patients with unilateral cerebellar pathologies suffer a severe bilateral CR acquisition deficit. to acquire conditioned eyeblinks to the tone CS (Figs 3 and  5 ). This contrasted with the fast acquisition of conditioned eyeblinks in control subjects (Figs 4 and 5A) . In the first session of classical conditioning, the group of patients
The VTER in patients with cerebellar lesions
Normal subjects, when presented with an object quickly exhibited CRs in 5.3 Ϯ 2.5% (mean Ϯ SEM, n ϭ 4) of trials in the eye ipsilateral to the cerebellar pathology. This is approaching their face, generate an eyeblink which is CRs is severely impaired in these subjects. Note that the deficit is bilateral. subjects was 96.5 Ϯ 1.4%, and in patients with cerebellar lesions it was 96.1 Ϯ 3.6%. The VTER incidence remained at a high level throughout the experiment, and the frequency triggered by the visual stimulus and which precedes the impact of the object on the face (Fig. 6) . Perhaps the most of these conditioned eyeblinks was indistinguishable between eyes and experimental groups (Fig. 9) . The third component important finding of the present study is that patients with cerebellar lesions can generate this response as well as normal of the eyeblink observed in the VTER paradigm was the unconditioned response elicited by the impact of the ball on control subjects (Figs 7 and 8 ). Both patients with cerebellar lesions and control subjects perform the VTER from the first the subject's forehead. The latency of this trigeminal reflex component was 14.0 Ϯ 0.4 ms in patients with cerebellar trial of the experiment, indicating that the VTER had been naturally established before the experiment. In several lesions and 14.4 Ϯ 0.3 ms in normal control subjects, when measured from the first contact of the ball with the forehead. subjects, the visual stimulus triggered an eyeblink consisting of three components (Fig. 8) . The first (and most inconsistent)
In summary, patients with cerebellar lesions are not deficient in their capacity to produce previously acquired VTERs. part of the response was an unconditioned eyelid movement elicited by the CS. This component, which is commonly called an α response, had a short latency (70-120 ms) and it markedly habituated during the experiment (Figs 6 and 7) .
Extinction of the VTER
The objective of the extinction experiment was to test whether The second component of the VTER had a longer latency, 320.8 Ϯ 17.2 ms in patients with cerebellar lesions and 325.0 the omission of the cutaneous US would lead to the extinction of visual threat eyeblinks in normal subjects. The first 10 Ϯ 21.2 ms in control subjects. This response segment, which is shown to extinguish in the following experiments when it trials of each extinction experiment consisted of paired presentations of the approaching ball (CS) and the impact of is not followed by the cutaneous US, persisted in all subjects throughout the experiment (Fig. 9) . Both the α and the ball on the forehead (US). All subjects generated visually Fig. 7 Eyeblinks generated by a patient with a cerebellar lesion in the visual threat paradigm. This subject, similar to other patients with cerebellar lesions, failed to acquire conditioned eyeblinks in the classical conditioning paradigm. The patient generated conditioned eyeblinks triggered by the visual information of the approaching ball. As in normal subjects, these responses were present from the first trial of the experiment. The CRs were preceded by short latency α responses that habituated. For an Fig. 9 Incidence of CRs in control subjects (A) and patients with additional description of response components see Fig. 8 . cerebellar lesions (B) in the visual threat paradigms. Note that in contrast to the classical conditioning paradigm (Fig. 5) , patients with cerebellar lesions exhibited a level of responding similar to that of normal control subjects in the VTER task. All data points are group means Ϯ SEM for the corresponding block of 10 trials; n ϭ number of subjects.
triggered eyeblinks starting from the first trial during this test for the presence of a previously established VTER. The mean incidence of the VTER in the US reinforced trials was 96.7 Ϯ 1.6% (mean Ϯ SEM, n ϭ 16). In the following block of 100 CS alone trials (extinction trials where the ball was stopped before it touched the forehead), the VTER quickly, although not completely, extinguished (Fig. 10) . Here the incidence of CRs rapidly decreased and was 18.1 Ϯ 7.6% in the last block of 10 trials. This level of performance is Figs 6 and 7, respectively). Each response consists of three components: the α response, the conditioned response (CR) and the unconditioned eyeblink (UR). Note the similarity of the averaged eyeblinks in the normal subject and those in the patient
Blocking the acquisition of CRs to the tone CS
with a cerebellar lesion. CS ϭ conditioned stimulus; US ϭ
The purpose of the blocking experiment was to verify whether unconditioned stimulus.
the visual information of the ball approaching the subject's face would block the acquisition of a CR to a new auditory CS. For that purpose, normal subjects were first tested in a trials was significantly less than that exhibited by the normal control subjects in the classical conditioning experiment (see above) utilizing the same CS in the absence of the blocking visual CS (P Ͻ 0.05). Actually, the CR frequency in the tone CS retention trials did not exceed the limits of a spontaneous rate of blinking. The visual CS blocked the acquisition of CRs to the new tone CS.
Discussion
There are three main results of the present study. (i) In normal subjects, the VTER can be extinguished and the visual CS blocks the acquisition of CRs to a new tone CS. with cerebellar pathology, who are not able to acquire new classically conditioned eyeblinks exhibit normal eyeblinks to a visual threat. These data indicate that the human cerebellum is critical for conditioned eyeblink acquisition but is not required for the retention and expression of CRs acquired before cerebellar pathology develops.
Is the VTER a naturally acquired CR?
In normal human subjects, classical conditioning of the eyeblink response resulted in the rapid acquisition of CRs to a novel CS, a tone. This fast rate of CR acquisition indicates that the classical conditioning paradigm engages a robust learning mechanism which we presume is involved not only in laboratory settings but also in normal daily life. Natural experiences involving collisions with external objects lead Fig. 11 Blocking of the acquisition of CRs to the tone CS by the visual CS in normal subjects. VTER ϭ visual threat eyeblink to the development of anticipatory eyeblinks which protect trials; VTER and tone ϭ trials at which a new tone CS was the vulnerable surface of the eye. Learning to respond to presented simultaneously with the visual threat; tone alone ϭ a events which regularly precede potentially dangerous stimuli block of trials at which subjects were tested to see whether they shields the eye well before the harmful agent can reach the acquired CRs to the tone CS. Note that in this blocking surface of the body and inflict damage. Despite decades experiment, normal subjects fail to acquire CRs to the tone CS. All data are group means Ϯ SEM; n ϭ number of subjects.
of studies using the eyeblink conditioning paradigm in psychological and neurobiological research, natural counterparts to this laboratory model were never VTER paradigm consisting of 20 probe trials in which the approaching ball followed by ball impact was presented. All systematically examined. Assessing whether the VTER is a naturally acquired subjects demonstrated a high incidence of CRs at this stage of the experiment (94.8 Ϯ 2.6%, mean Ϯ SEM, n ϭ 6, classically conditioned reflex is not straight forward. The problem is that classical CRs are defined through the Fig. 10 ). Following these probe trials, all participants were subjected to 100 trials in which a new tone CS was presented conditions of their acquisition. Consequently, if the exact conditions of response acquisition are unknown (as is the simultaneously with the approaching ball CS and the ballimpact US. Again, all subjects exhibited an asymptotic case of the VTER in adult subjects), it is difficult to determine in which category of learned behaviours the response would frequency of CRs (Fig. 11) . The blocking training was immediately followed by 16 trials consisting of the intermixed belong. The process of acquiring conditioned eyeblinks naturally probably does not strictly adhere to the accepted presentation of four trials in which the tone CS was paired with the cutaneous US and 12 trials which were tone CS definitions of Pavlovian classical conditioning (Gormezano, 1992; Harvey and Welsh, 1996) . According to these alone trials. In these final trials, the CR frequency was only 9.5 Ϯ 3.5% (Fig. 11) . The level of CRs during the CS alone definitions, in the classical conditioning paradigm, the occurrence of the US is independent of the CR. This condition decreased frequency of the VTER is not a function of the sheer number of visual stimulus applications, as would is unlikely to be met in the natural environment of the subject. More likely, natural CRs are acquired under a be expected in the case of the habituation of regular or dishabituated unconditioned responses (Thompson and mixture of classical conditioning and avoidance conditioning contingencies. The reason for this is that CRs, due to their Spencer, 1966; Davis and Egger, 1992) . On the contrary, the VTER displays CR-like properties because its incidence anticipatory character, protect the surface of the body before an aversive stimulus actually arrives. Thus, natural CRs depends on whether it is, or is not, followed by the reinforcing cutaneous US. probably lead to avoidance situations which minimize or eliminate the consequence of the US. From this viewpoint, the The second set of evidence supporting the notion that the VTER is a naturally acquired CR is based on the results of classical conditioning paradigm, when applied to defensive reflexes, is an experimental tool which trades the natural the blocking experiments. The visual CS, when presented simultaneously with a new tone CS, blocks the acquisition character of the adaptive behaviour for the convenience of experimental control. Nevertheless, it is reasonable to assume of CRs to the new CS. Because the blocking phenomenon is considered to be one of the hallmark properties of classical that normal subjects should exhibit natural anticipatory eyeblinks learned using neural substrates similar to those conditioning, this finding argues strongly in favour of the conditioned nature of the VTER. The above data suggest which are so effectively engaged in the classical conditioning of the eyeblink in laboratory conditions. Because one does that the VTER is a CR which is naturally acquired in early childhood. It is not clear to what extent the VTER acquisition not have control over the natural acquisition of CRs in humans, the only tool in determining the specific nature of involves classical and/or instrumental learning contingencies. This issue, however, is incidental to the objective of the these responses is a careful examination of their properties. Comparing these properties with known features of prototypic present study because earlier experiments in the rabbit demonstrated that the intermediate cerebellum is equally CRs should assist in determining the probable origins of natural anticipatory eyeblinks such as those studied in this essential for both the classically conditioned and avoidance eyeblinks (Polenchar et al., 1985) . experiment.
Based on developmental studies, the VTER has traditionally been considered a learned response (Liu and Ronthal, 1992) . While ordinary types of unconditioned
Cerebellar involvement in CR acquisition
In the present experiment, patients with cerebellar pathology responses (trigeminally elicited eyeblinks, blinks to flashes of light) are present in neonates (MacKeith, 1969; Yasuhara were not able to acquire classically conditioned eyeblinks to a tone CS. This finding confirms previous observations in et al., 1983) , the VTER does not appear until the age of 2-4 months (MacKeith, 1969) . At this time, the visual system human subjects (Solomon et al., 1989; Daum et al., 1993; Topka et al., 1993) and supports earlier suggestions that, is mature enough to support this type of learning. Moreover, while all known types of unconditioned eyeblinks are similar to the rabbit, the human cerebellum is an integral part of the circuits subserving eyeblink conditioning. The subserved by subcortical substrates, the VTER is dependent on the visual and posterior parietal cortex and frontal eye present data extend previous observations in three aspects. First, the use of a cutaneous tap on the forehead midline is fields (Liu and Ronthal, 1992) . Interestingly, the VTER is not dependent on the motor cortex, which is instrumental in an extremely effective US which leads to a fast development of CRs in normal human subjects. The rate of CR acquisition generating volitional blinks (Lessell, 1972) .
Two additional types of evidence obtained in the present and the absolute levels of CR incidence in a single training session seem to be higher than in traditional paradigms experiments extend the support for the notion of the learned nature of the VTER. First, we demonstrated that the VTER implementing a unilateral airpuff (e.g. Daum et al., 1993) or the electrical stimulation of the supra-orbital branch of the can extinguish in normal subjects when the visual CS (the object approaching the subject's face) is not reinforced trigeminal nerve (Topka et al., 1993) as the US. In conclusion, regardless of the exact nature of the US, all studies performed repeatedly by the impact of the approaching object on the skin. The capacity to extinguish is one of the basic features so far in patients with cerebellar lesions are consistent with regard to one basic observation; patients with a wide variety of CRs. It could be argued that the visual stimulus in the VTER paradigm is an US eliciting an unconditioned VTER.
of cerebellar pathologies are profoundly deficient in their capacity to acquire new classically conditioned eyeblinks. If so, the 'extinction' observed in our experiments could be considered as the habituation of the unconditioned response.
The second important observation pertinent to the role of the human cerebellum in the acquisition of conditioned This is unlikely, however, because the diminished frequency of the VTER incidence was observed only in experiments eyeblinks is that multiple training sessions do not substantially increase the incidence of CRs. Studies performed in the omitting the impact of the ball on the forehead. In contrast to this finding, the VTER incidence remained at a high level rabbit have shown that under certain conditions cerebellar lesions do not prevent, but rather slow down, the process of throughout all experiments involving the paired presentation of the CS (visual information of the approaching ball) and CR acquisition (e.g. Lavond and Steinmetz, 1989 ). This deficiency is typical for lesions of the cerebellar cortex. To the US (impact of the ball on the forehead). Clearly, the address the possibility that deficits in patients involved in responses to a visual threat. The VTERs were present in both normal subjects and patients with cerebellar lesions in the the present study constitute a retardation of CR acquisition rather than an incapacity to acquire CRs, three subjects were first trials of testing. This indicates that the capacity to blink to a visual threat stimulus has not been acquired during the conditioned in four training sessions. Although these subjects exhibited a slight tendency toward an increased CR incidence training session. Because there are convincing reasons to believe that the VTER is a form of conditioned eyeblink during the four conditioning sessions, the extended training did not lead to a CR performance comparable with the level which is naturally acquired during early childhood (see the first section of the Discussion), the most direct conclusion of conditioning exhibited by normal subjects during the first conditioning session. This indicates that CR acquisition is from the obtained results is that cerebellar substrates which are involved in the process of CR acquisition are not essential not just slowed down in human subjects with cerebellar pathology, but rather that it is fundamentally impaired.
for CR retention in humans. Patients with cerebellar lesions who cannot learn new responses clearly have no significant The third and perhaps the most intriguing observation made in the CR acquisition experiments was that patients problems retaining and expressing eyeblinks which were learned long before their cerebellar pathology developed. with unilateral cerebellar pathologies exhibit a bilateral conditioning deficit. This finding represents a significant This finding also implies that the cerebellum's involvement in classical conditioning in humans differs from that in the departure from animal models in which unilateral cerebellar ablations lead to conditioning deficits restricted to the rabbit. In the rabbit, the intact cerebellum is indispensable for both acquisition and retention of CRs, while in the human ipsilateral side of the body (McCormick et al., 1982; Kolb et al., 1997) . A possible explanation of this phenomenon it participates only in the CR acquisition. The retention and expression of natural conditioned could be that both sides of the human cerebellum contribute to the response acquisition on either side of the body. Although eyeblinks in humans seems to be independent of cerebellumrelated circuits which are normally involved in CR specific neuroanatomical substrates for this involvement are unknown, recent neuroimaging studies have documented acquisition. What are the brain substrates responsible for retaining CR engrams? A number of possible substrates metabolic and/or blood supply changes on both sides of the cerebellum during unilateral eyeblink conditioning (Logan involved in eyeblink conditioning are illustrated by neuroimaging studies. Molchan et al. (1994) demonstrated and Grafton, 1995; Blaxton et al., 1996) . It is possible that successful conditioning of the eyeblink response on either that unilateral classical conditioning of the eyeblink response in normal subjects is associated with bilateral changes of side of the body requires an active contribution of both cerebellar hemispheres. A complementary explanation for regional cerebral blood flow in the primary auditory cortex, the ipsilateral cerebellum and cingulate cortex, the these bilateral effects of unilateral cerebellar pathologies could be a tight inter-ocular integration of circuits controlling contralateral prefrontal, parietal and insular cortices and the neostriatum. Similar observations were also reported by eyeblink reflexes. When compared with a lateral-eyed rabbit or guinea pig, the eyeblink circuits in front-eyed primates Blaxton et al. (1996) . These authors detected learning specific changes of the regional blood flow bilaterally in the frontal feature a higher degree of the inter-ocular coupling, which is presumably under the control of the poly-synaptic cortex, temporal cortex and cerebellum and unilateral changes in the lingual gyrus, hippocampal formation, putamen, components of eyeblink circuits (e.g. Pellegrini et al., 1995) . Finally, a third explanation for the poor lateralization of the thalamus and pons. Logan and Grafton (1995) showed that eyeblink conditioning is associated with changes in the conditioned eyeblink deficits in patients with cerebellar lesions could be the effect of the experimental design. The glucose metabolism in bilateral sites of the cerebellar cortex, cerebellar nuclei and ventral striatum and in the ipsilateral present study involved explicitly bilateral conditioned and unconditioned stimuli. It is possible that the selection of a pontine tegmentum, inferior thalamus/red nucleus region, hippocampus and lateral temporal cortex. The above studies bilateral (midline) US resulted in a selective recruitment of bilateral components of the eyeblink. If so, then the point to multiple candidates for storage sites in the eyeblink conditioning networks. comparison of the results from this study with animal experiments does not reveal the absolute functional It should be emphasized that the final picture of the structures which are essential for human eyeblink differences between human and rabbit eyeblink conditioning networks but rather a difference in the contribution of separate conditioning will emerge from studies of subjects having well-defined pathologies restricted to the implicated parts of sub-components of underlying circuits. Further research is needed to elucidate this problem. the brain. The neural substrates of the human VTER known so far are consistent with the results of Molchan et al. (1994) , who demonstrated that eyeblink conditioning is accompanied by activation of the primary sensory cortex and of the
Cerebellar involvement in CR retention
The present investigation is the first to address the role of prefrontal cortex. Both these regions are also necessary for the expression of the VTER (Liu and Ronthal, 1992) . It the human cerebellum in the retention of conditioned eyeblink responses. Patients with cerebellar pathology who are not appears that both the primary sensory and prefrontal cortex are involved in VTER retention in humans. At present, it is able to acquire new conditioned eyeblinks exhibit normal not clear if these brain regions are also involved in other role of the other network components in CR retention varies across both species and forms of CRs. It seems reasonable to types of naturally acquired conditioned eyeblinks or in the laboratory varieties of CRs.
assume that rabbit and human conditioned eyeblink networks differ not so much in their overall design, but rather in a The above summary of possible substrates involved in the retention and expression of CRs in humans is quite different relative engagement of their parallel components. In the rabbit, the CR network is dominated by the cerebellum in from the known circuits controlling eyeblink conditioning in the rabbit. While the foregoing discussion focused mostly on regard to both acquisition and retention of CRs. In humans, the CR acquisition-related cerebellar function is preserved forebrain structures, the forebrain in the rabbit is simply not required for either the retention, or for the acquisition of but CR storage is mediated by telencephalic components of the network. classically conditioned eyeblinks (Oakley and Russel, 1972, 1977) . Caution should be taken, however, before concluding that radical differences exist between the substrates of classical conditioning in humans and rabbits. Several factors
